Knowledge of aquatic microbes involved in macrophyte leaf litter decomposition is still scarce in freshwater lakes. In situ experiments (150 days) were conducted to study the decomposition processes of macrophyte leaf litters: Zizania latifolia (Zl), Hydrilla verticillata (Hv) and Nymphoides peltata (Np). The decomposition of Np leaf litter was fastest, whereas Zl was slowest. The alpha diversity of both bacterial and fungal communities significantly increased, and their community structures showed significant variations over time. For bacteria, the relative abundance of Gammaproteobacteria decreased, whereas that of Firmicutes, Betaproteobacteria, Deltaproteobacteria and Alphaproteobacteria increased. The dominant fungal phylum Cryptomycota increased significantly in all of the three macrophytes. Both bacteria and fungi were significantly correlated with the dynamics of total phosphorous in the water and the carbon content of the leaf litters. The dynamics of nitrogen content, phosphorous content and N/P ratio of the leaf litters have more influences on fungal communities than on bacteria. In addition, cellulase and xylanase activities were significantly correlated with bacterial and fungal communities, respectively, thereby reflecting the niches differentiation and cooperation between bacteria and fungi on litter decomposition. This work contributes to the understanding of microbially involved carbon and nutrient cycling in macrophyte-dominated freshwater ecosystems.
INTRODUCTION
Macrophyte leaf litter is the major source of energy-supporting food webs and is an important driver of carbon and nutrient cycling in aquatic ecosystems (Cadish and Giller 1997; Wallace et al. 1999; Baldy et al. 2007) . As an important source of autochthonous inputs, leaf litter is a basic food for aquatic invertebrates, which in turn provide energy for their predators at higher trophic levels; different leaf litters may impact the abundance of invertebrate species (Compson et al. 2013) . Bacteria and fungi serve as trophic intermediates of energy flow between the leaves and life at higher trophic levels (Bärlocher 1985) . They can acquire carbon (C) and nutrients, such as nitrogen (N) and phosphorous (P), directly from leaf litter. For example, the growth of fungi promotes the concentration of organic nitrogen in the leaf litter (Kaushik and Hynes 1971) , which makes the dead leaves more palatable and nutritious for many invertebrates. Furthermore, increasing N and P availability can increase microbial biomass (Benstead et al. 2005; Suberkropp et al. 2010) and stimulate microbial respiration rates associated with the leaf litter decomposition (Stelzer, Heffernan and Likens 2003) . These decomposers can strongly affect the biogeochemical processes and nutrient concentrations in ambient water.
The degradation of leaf litter combines the physical, chemical and biological processes with mechanical fragmentation, leaching and nutrient availability (Hieber and Gessner 2002; Wetterstedt, Persson andÅgren 2010; Ferreira and Chauvet 2011; Pozo et al. 2011) , thereby promoting chances for the cooperation among microbes, such as bacteria and fungi. Microorganisms produce extracellular enzymes to break down structural polymers into smaller molecules (Chróst 1991) . The detritus is converted into palatable microbial biomass and dissolved nutrients (Moran and Hodson 1989a,b) , which makes recalcitrant compounds, such as cellulose, hemicellulose and lignin, digestible to most metazoan consumers. In previous views, bacteria contribute to plant litter decomposition in standing waters (Anesio, Abreu and Biddanda 2003) , while fungi generally produce a wider spectrum of extracellular enzymes than bacteria (Kirk and Farrell 1987) and are considered the most active decomposers for leaf litter (Newell 1993; Kominkova, Kuehn and Busing 2000) . An increase of fungal biomass and sporulation was positively correlated with the breakdown rate of leaf litters in streams (Nikolcheva and Bärlocher 2004) . Generally, fungi and bacteria mainly act on the decomposition of coarse particulate organic matter (Tant et al. 2015) and the degradation of detrital particulate and dissolved organic matter (Siuda and Chróst 2002) , respectively.
The decomposition of macrophyte leaf litter is an important biogeochemical process in aquatic ecosystems (especially in the littoral zones, where macrophyte dominates). However, limited studies have focused on the microbial activities during the decomposition process of macrophyte leaf litter. Previously, bacteria biomass was ever estimated by using the stain of 4 , 6-diamidino-2-phenylindole, and fungal biomass by using ergosterol extraction from leaves and culture-based methods (Mouginot et al. 2014) . The diversity of microbial communities involved in leaf litter decomposition was ever investigated using traditional fingerprinting techniques, such as terminal restriction fragment length polymorphism, PCR-denaturing gradient gel electrophoresis (Das, Royer and Leff 2007) and gene clone libraries (Jiang et al. 2017) . However, these previous studies could only roughly identify the dominant microbial groups but were unable to adequately disclose the relevant microbes in detail due to the limitations of the abovementioned methodology (Das, Royer and Leff 2007) . Furthermore, a few studies have investigated the emergent (Rejmánková and Sirová 2007) or submerged macrophyte decomposition (Hahn 2003) in wetlands, while fewer works have considered the decomposition of different types of macrophytes simultaneously and related microbial community and activity, which more accurately reflects field conditions. In addition, microbial participants in the macrophyte decomposition in freshwater lakes remain little known although such degradation occurs widespread in aquatic ecosystems and stream environments.
In this work, we focused on the associated microbes involved in the decomposition of macrophyte leaf litters and their variations during the decomposition process to answer the following questions: first, which types of bacteria and fungi take part in the decomposition of macrophyte leaf litters at the surface sediment? Second, what are the dominant factors regulating the bacterial and fungal community composition for the decomposition of certain leaf litter? Third, what are the primary relationships between bacteria and fungi during microbial decomposition? In situ experiments were set up to address these above questions, and 150-day incubation of macrophyte litters was established under universal environmental conditions to avoid heterogeneous effects on the process. Three macrophytes-Zizania latifolia (Zl), Hydrilla verticillata (Hv) and Nymphoides peltata (Np)-were selected to represent different types of aquatic plants widespread in freshwater lakes. Illumina MiSeq platform-based sequencing was applied to investigate the composition and dynamics of the bacteria and fungi during macrophyte decomposition. This combination of studies will help reveal the interspecific relationships between microbes and macrophytes and the key factors that influence the natural decomposition of plant litters in freshwater habitats.
MATERIALS AND METHODS

Experimental design and sample collection
In Lake Taihu, the macrophyte-dominated lake zones are mainly located at the eastern part of the lake, including East Taihu Bay, Xukou Bay and Gonghu Bay (Luo et al. 2016) . The aquatic macrophytes mainly include three types: floating-leaf vegetation, with Nymphoides peltatum being the dominant species; submerged vegetation, with Potamogeton malaianus and Hydrilla verticillata being the dominant species; and emergent vegetation, with Phragmites communis and Zizania latifolia being the dominant species (Luo et al. 2014) . Fresh leaves of the macrophytes Zl, Hv and Np were collected from a site (N 31
• 12 29.77 , E 120
• 25 33.65 )
in East Taihu Bay on 25 June 2015. Samples were stored in sterile plastic bags on ice and transported to the laboratory within 24 h. In the laboratory, the leaf tissues were rinsed gently with sterile deionized water to remove impurities on the surface and then centrifuged at 300 × g for 10 min at room temperature to remove the water. The pre-treated tissues were cut into 2-5 cm pieces using a sterile knife, and 15 g of each leaf litter was placed in one 5-mm fiberglass mesh bag. The litter bags were tied to fishing nets with stones and then hung on the surface of the sediment at a depth of 2.0-3.0 m. All the nets had attached ropes, which were tightly affixed to the shore.
The experiment was started on 26 June 2015, and sampling was conducted on day 0, 5, 10, 20, 30, 60, 90, 150, 210, 270 and 330 . At each time point, four replicates were sacrificially recovered from the experiment site. Thus, more than 44 bags per plant were prepared in case the plants floated away or mass leakage occurred in later stages. Less than 1.0 g (wet weight) of litter was left in each mesh bag of Hv and Np after the 90-day incubation (the seventh sampling point). The whole experiment was stopped at 150 days (the eighth sampling point), and all the mesh bags for each species were combined separately for subsequent analysis. When the mesh bags were cut open, 2 g of each leaf litter was transferred to a sterile 50 mL polyethylene tube containing 40 mL of 2 mM PBS with 0.01% (v/v) Tween 80. The remaining materials were centrifuged at 300 × g for 10 min and weighed before measurements of the nutrient content and material composition.
Ambient lake water (500 mL) was collected for the major water chemistry analysis with the same frequency as employed in the mesh bag recovery. The concentrations of total nitrogen (TN) and total phosphorus (TP) in the water were measured according to standard methods (Greenberg, Clescerl and Eaton 1992) , and the total organic carbon (TOC) was analyzed using a Torch TOC Analyzer (Teledyne Tekmar, USA) using hightemperature catalytic oxidation.
Components of the macrophyte litters and hydrolase activity assay
Approximately 5 g of pre-centrifuged tissues was freeze-dried to a constant weight and ground to a homogeneous fine powder. The carbon content (C%) and nitrogen content (N%) of the freeze-dried tissue were measured with an integrated oxidation and detection device (Leco CN2000, LECO Corp. St Joseph, MI, USA). The phosphorous content (P%) was analyzed by inductively coupled plasma-optical emission spectroscopy (model: MIC IC, Metrohm, Switzerland) using the method described by Henschler (1988) . The cellulose, hemicelluloses and lignin contents were measured using gel permeation chromatography (Waters 1515-2414, made by Waters in Massachusetts, USA) and a UV spectrophotometer (UV-1800, made by Shimadzu in Japan) according to the NREL method (Sluiter et al. 2008) .
After centrifugation, 1 g of the macrophyte litters was mixed with 9 mL of 10 mM PBS buffer (pH 8.0) and incubated on ice for 15 min. The homogenate was centrifuged at 1510 × g for 20 min. The liquid supernatants were employed to measure the activities of cellulase, xylanase, polyphenol oxidase and peroxidase, which were determined using ELISA kits according to the manufacturer's instructions (Shanghai Shuangying Biological Technology Co. Ltd., China).
DNA extraction, PCR amplification, sequencing and raw data treatment
The epiphytic microbial components were detached from the plant tissue via 5 min ultrasonication after 30 s of shaking (10 × g). The suspension containing the epiphytic microorganisms was collected on 0.2 μm pore size polycarbonate filters (Millipore, USA) at a vacuum pressure <100 × 10 5 Pa. The filters were then stored at -80 • C until further nucleic acid extraction. The filters were cut into small pieces, and genomic DNA was extracted using the E.Z.N.A water DNA kit D5525-01 (Omega BioTek, Norcross, GA, USA) according to the recommended protocol. The bacterial 16S rRNA genes were amplified with the primer pair F515 (5 -GTGCCAGCMGCCGCGG-3 ) and R806 (5 -GACTACHVGGGTWCTTAAT-3 ) (Li et al. 2014) , and the fungal 18S rRNA genes were amplified with the primer pair EF3r (5 -TCCTCTAAATGACCAAGTTTG-3 ) and FF390W (5 -CGWTAACGAACGAGACCT-3 ) (Ishii, Ishida and Kagami 2015) . Then, the PCR products were paired-end sequenced on an Illumina MiSeq platform at the Center for Genetic & Genomic Analysis in Genesky Biotechnologies Inc., Shanghai. The raw reads of the 16S and 18S rRNA gene sequences were processed with the Mothur program (V. 1.30.0, http://www.mothur.org, 2013) according to the MiSeq standard operating procedure (Kozich et al. 2013) . The sequences were assembled, trimmed, quality filtered and finally aligned using the Ribosomal Database Project (RDP; http://rdp.cme.msu.edu/), and the 18S sequences were aligned to the SILVA (from Latin silva, forest, http://www.arb-silva.de) database, which is a comprehensive web resource containing aligned ribosomal RNA (rRNA) gene sequences from the Bacteria, Archaea and Eukaryota domains and supplementary online services by Mothur (Quast et al. 2013 ).
Data analysis
An Olson exponential decay model (Olson 1963) (Lozupone et al. 2011; Jiang et al. 2013) . Permutational multivariate analysis of variance (PER-MANOVA) with ADONIS function was conducted to quantitatively evaluate the contribution of macrophytes (Hv, Np and Zl) and sampling time to the variations of bacteria and fungi. The relationships between the bacterial and fungal community composition and the environmental and physiological factors were revealed using the general linear regression and redundancy analysis (RDA) with the software CANOCO version 5 (ter Braak andŠmilauer 2012). The ternary plots were also generated in OriginPro 8.0 to analyze the potential contribution of specific bacterial and fungal operational taxonomic unit (OTUs) among three macrophytes. In addition, variation partitioning analysis was also performed using the vegan package in R to determine the relative effects of plant characteristics and water environment on bacterial and fungal community dynamics.
Deposition of DNA sequences
All the bacterial and fungal DNA sequences retrieved from different sampling times were deposited at the European Nucleotide Archive and can be found under accession numbers PR-JEB21065 and PRJEB21095, respectively.
RESULTS
Decomposition rates, material compositions and enzyme activities of different macrophyte litters
More than 98% of the Hv and Np biomass in the mesh bags was lost after 90 days, while 64% of the Zl biomass was lost after 150 days (Fig. 1a) . Based on the Olson exponential decay model, the biomass loss was translated into the decomposition rate (k, day −1 , Fig. 1b ), which varied obviously among different plants.
The order of the k values was k Zl < k Hv < k Np in the early stage, while k Hv was higher than k Np in the late stage. K Zl was initially enhanced and then declined later, while k Hv and k Np exhibited a constant downward trend. According to PERMANOVA, both the remaining biomass and the k value had significant differences with respect to macrophyte types and the decomposition time (P < 0.0001, df = 13, n = 18). The average value of k was applied to calculate the time of half-biomass loss, which was 3.9, 4.8 and 56.2 days for macrophytes Np, Hv and Zl, respectively. The dynamics of the TN, TP and TOC concentrations in ambient water were basically constant during the experiment (Fig. S2 , Supporting Information). The nutrient content, material composition and enzyme activities were significantly different among the species of macrophytes and sampling time (PERMANOVA, P < 0.0001, df = 16, n = 21). The y-axes in the subplots of Fig. 2 were normalized by the initial value of each parameter (day 0) to reflect the fluctuation during the decomposition. The analogous tendency was detected in the carbon and nitrogen contents for all the macrophyte litters, which decreased in the order of Hv > Np > Zl during the decomposition. The P% of the Hv and Np macrophytes also decreased over time, while that of Zl was relatively stable around the 1:1 line over 150 days, except at days 10 and 20. In general, the stoichiometry dynamics of leaf litters were relatively similar between Hv and Zl, which were different from Np. For example, the C/N ratios of Np gradually increased to 2-fold the initial status during the decomposition, while those of Hv and Zl increased at first and then fell back to the 1:1 line. At the beginning of the experiment, the contents of cellulose (cellulose%) and lignin (lignin%) were highest in the leaf litters of Zl but lowest in Np, and the hemicellulose (hemicellulose%) content was highest in Hv. The cellulose% and hemicellulose% of Zl and Np gradually increased along the decomposition time, whereas that of Hv decreased. The lignin% changed slightly over time for all three plants, with the lowest value appearing at day 20. For the hydrolase measurement, the cellulase activity significantly increased in the Zl macrophyte litter during the decomposition process. However, the cellulase activity seemed to be inhibited in Hv samples during the first few days of the process. The xylanase activity was weakly enhanced in the Np samples. Otherwise, a dramatic variation was detected in all the macrophyte litters over time. The polyphenol oxidase activities were initiated in the Zl and Np but not in the Hv. The peroxidase activities were significantly enhanced in the Np, although the variation fluctuated (Fig. 2) .
Bacterial community composition during the decomposition
The bacterial alpha diversity changed significantly over the degradation time (P < 0.001), and the variation in the alpha diversity was different among these three plants. In the Zl and Np macrophytes, the alpha diversity indices (e.g. Shannon-Wiener and Faith's PD) increased over time, while the alpha diversity indices increased in the Hv until day 30 and then decreased (Fig. 3) . The OTU richness varied from 495 to 3278 in the batch of the Zl samples, 761 to 3297 in the Hv samples and 525 to 3411 in the Np samples. Pielou's index increased over 30 days and then remained stable over the following period, indicating that the evenness of the bacterial communities increased with the decomposition.
The Bray-Curtis dissimilarity of the bacterial community composition was calculated within each macrophyte type and among the samples collected at the same sampling time. With the decomposition process, the bacterial dissimilarity among the three macrophyte types increased over the first 5-10 days and then decreased until day 60 (P < 0.001) (Fig. S4a, Supporting  Information) . The paired-sample t test indicated that the BrayCurtis dissimilarity between Zl and Hv was significantly different (P = 0.01, r = 0.55), as was that between Hv and Np (P < 0.001, r = 0.837). However, the comparison between Zl and Np did not reveal a similar pattern. In summary, the variation of the bacterial community composition was smallest in the macrophyte Hv samples and largest in the Np samples among the paired sample dissimilarities (Fig. S4b) .
Among the bacterial quality sequences, 884 286 (95.03%) could be assigned at the phylum level, and a total of 35 bacterial phyla were identified. The predominant phyla or superclasses in all the samples were Firmicutes (17.67% ± 0.20), Betaproteobacteria (15.93% ± 0.07), Gammaproteobacteria (14.15% ± 0.17), Bacteroidetes (8.64% ± 0.05), Cyanobacteria (7.08% ± 0.05), Deltaproteobacteria (7.03% ± 0.05) and Alphaproteobacteria (6.13% ± 0.04) (Fig. 4a) . In addition, Chloroflexi (3.42% ± 0.03), Acidobacteria (3.11% ± 0.02), Verrucomicrobia (2.74% ± 0.02), Planctomycetes (2.56% ± 0.03) and Actinobacteria (1.47% ± 0.01) were present in all the samples with relatively low abundance. The Adonis analysis suggested that the bacterial community compositions were dramatically influenced by time (P = 0.001) instead of the macrophyte type (Table 1) .
Among the bacteria, the relative abundance of Gammaproteobacteria was highest in all the initial samples (Zl was 64.06%, Hv was 55.56% and Np was 40.70% at day 0) and decreased in the later stage, which was relatively similar in the three macrophytes. In the superclass Gammaproteobacteria, the orders Pseudomonadales, Enterobacteriales, Chromatiales, Xanthomonadales and Aeromonadales were the primary components. In contrast to Gammaproteobacteria, the abundances of Firmicutes, Betaproteobacteria, Deltaproteobacteria and Alphaproteobacteria increased with decomposition. The dominant phyla in the early stage were Firmicutes and Bacteroidetes. The maximum contribution of Firmicutes (major classes Bacilli and Clostridia) appeared at day 10, with a relative abundance of 81.9%, 39.0% and 35.0% of the total bacterial phyla for the Zl, Hv and Np, respectively. In the Zl and Hv samples, we found that the relative abundance of Bacteroidetes suddenly decreased at 10 days and then increased in the later times after processing for 20 days. The relative abundance of Bacteroidetes was highest in the Np samples over the first 10 days (Fig. 4a) , and the dominant orders within this phylum were Bacteroidia, Flavobacteriia and Sphingobacteriia. Betaproteobacteria was dominant in the later stage of decomposition, and the highest value appeared in the day 90 sample (Zl was 23.47%, Hv was 30.31% and Np was 21.38%). The major orders in Betaproteobacteria were Burkholderiales and Rhodocyclales. Furthermore, the phyla Chloroflexi, Acidobacteria and Verrucomicrobia were more abundant in the later stage of decomposition (Fig. 4a) .
The dominant OTUs were selected using the criteria that the relative abundance was greater than 0.5% in all 22 samples and that the OTU appeared at least four times in a certain macrophyte type. Eighteen dominant OTUs were selected among the 5541 bacterial OTUs and were named common bacterial OTUs (Fig. 5a and Table S2 , Supporting Information). These OTUs were affiliated with the orders Bacilli, Negativicutes, Burkholderiales, Pseudomonadales, Rhodocyclales, Sphingomonadales, Rhizobiales, Negativicutes, Verrucomicrobiae, Enterobacteriales and Rhodobacterales. In the three plant species, most of these OTUs varied similarly during the decomposition. Seven out of the 18 OTUs were relatively well distributed in the three plant species. Two OTUs belonging to Bacteroidetes appeared to be more abundant in the Zl samples and OTU4227b, affiliated with Cyanobacteria, was specific to the Np samples. Furthermore, 12 specific bacterial OTUs with a relative abundance greater than 5.0% in any of 22 samples were also selected and belonged to the orders Bacilli, Negativicutes, Pseudomonadales, Rhizobiales, Aeromonadales and Burkholderiales (Fig. 5b and Table S2 ). The distribution patterns of these specific OTUs among the three macrophyte species were obviously non-uniform, except for one OTU (OTU637b). Three-fourths of the specific bacterial OTUs were abundant in the Zl samples (eight OTUs), followed by Hv (three OTUs), while none was found in the Nv samples.
Fungal community composition during decomposition
The alpha diversity index of the fungal communities generally increased along with degradation (P = 0.01), disregarding the plant species, which followed the same trend as those observed in the bacterial communities. In detail, the number of OTUs ranged from 69 to 223 in the Zl samples, 25 to 226 in the Hv samples and 83 to 215 in the Np samples. The increased OTU richness was most obvious during the decomposition of the Hv leaves. The richness of the fungal OTUs and Faith's PD of Hv increased over time and peaked at day 30, while those of the Zl and Np samples decreased slightly in the first 10 days and then increased until the end of the experiment. Both the lowest Shannon-Wiener and Pielou's index values appeared at days 5 and 20 for the Zl and Np, respectively. For the Hv samples, the Shannon-Wiener and Pielou's indices first increased, then decreased and then increased again (Fig. 3) .
The Bray-Curtis dissimilarity of fungal community compositions was calculated within one species and among the samples collected from the different leaf litters at the same time. Although significant differences in dissimilarity were identified neither over time nor among macrophyte species (P > 0.05), the dissimilarity of the fungal communities among the three plant types obviously decreased until 20 days and then increased (Fig.  S4, Supporting Information) . Furthermore, on day 20, the dissimilarities of the fungal communities among the three macrophytes had a much narrower variation than at other times. The greatest divergence among the three samples was found in the initial state, which indicates that the fungal community compositions tended to be more similar during the decomposition process. The dissimilarity of the fungal community was significant between the Zl and Np (r = 0.868, P = 0.025) as well as between the Hv and Np (r = 0.894, P = 0.016). However, the corresponding dissimilarity of the fungal communities between the Zl and Hv was not significantly different. Considering all the fungal samples within one macrophyte, researchers found that the dissimilarity profile was highest in the Hv, which contradicted the pattern observed in the bacterial community in the same macrophyte leaf litters (Fig. S4b) .
Among the fungal quality sequences, 553 180 (92.87%) could be identified at the phylum level, and a total of 8 phyla were detected. The predominant phyla in all samples were Cryptomycota (47.98% ± 0.25), Chytridiomycota (29.03% ± 0.18) and Basidiomycota (13.69% ± 0.27). In addition, Ascomycota (1.84% ± 0.03) was found in all the samples with relatively low abundance (Fig. 4b) . The Adonis analysis results suggested that the fungal community compositions varied significantly over time (P = 0.023) instead of the macrophyte species (Table S1) .
Among all the fungal populations, the relative abundance of Basidiomycota was highest in the Zl and Hv samples at the beginning of decomposition (86.64% and 77.38%, respectively, Fig. 4b) . Tremellomycetes, Exobasidiomycetes and Microbotryomycetes were the three most abundant classes in this phylum. The relative abundances of both Tremellomycetes and Microbotryomycetes decreased during the process, and the relative abundance of Exobasidiomycetes peaked on day 5. The phylum Chytridiomycota was the most abundant in the initial Np sample (69.40%). Only one dominant class was found, Chytridiomycetes, in phylum Chytridiomycota over all the samples. The relative abundance of Cryptomycota was significantly increased during the decomposition process, with the highest values on day 20, 30 and 150 for the Np (72.72%), Hv (81.00%) and Zl (73.58%), respectively (Fig. 4b) . Almost all the OTUs in phylum Cryptomycota were affiliated with LKM11 and formed a monophyletic and strongly supported group that included two additional sequences, one derived from the parasitic genus Rozella and the other from Incertae sedis. In addition, the relative abundance of Ascomycota was greatest in the Zl and Np on day 0 and in the Hv on day 60, whereas Zoopagomycotina has the absolute predominance in the fungi community of Hv and Np on day 60 and in that of Zl on day 150. The relative abundance of phylum Blastocladiomycota was lower in the Hv samples than in the other two macrophytes, especially at the early stage of decomposition (Fig. 4b) .
Eighteen common fungal OTUs were selected from all the 614 OTUs that had a relative abundance greater than 0.5% in all the samples and were present at least four times in a certain macrophyte ( Fig. 5c and Table S3 , Supporting Information). These OTUs belonged to LKM11, Chytridiomycetes, Exobasidiomycetes and Ustilaginomycetes, and most of these OTUs demonstrated similar dynamics during the decomposition regardless of the plant species. Eight of the common fungal OTUs, which belong to phyla Chytridiomycota and Cryptomycota, were universal in the three plant species. The four OTUs belonging to LKM11 primarily occurred in Hv, especially OTU610f. OTU428f belonged to Chytridiomycetes, with high relative abundance in Np, and two OTUs belonged to Basidiomycota and were found prevalently in the Zl samples. In addition, specific fungal OTUs with relative abundances greater than 5% in at least one sample were detected and belonged to the known classes Nucletmycea, Tremellomycetes, Chytridiomycetes, Eurotiomycetes and Tremellomycetes. Most of the 19 specific OTUs were ubiquitous in a certain macrophyte type, except that two of them (OTU113f and OTU77f) were relatively universal in the three plants ( Fig. 5d and Table S3 ). OTU595f, belonging to Opisthokonta, was found only in the Hv samples. Two OTUs in phylum Basidiomycota and two in phylum Opisthokonta were specifically abundant in the Zl samples. In addition, seven OTUs were specific to the Np samples, most of which were affiliated with Chytridiomycota, except for OTU48f.
Relationships between microbial community, leaf litter characteristics and environmental factors
Combining the results of linear regression analysis with RDA, we found that the TP concentration in the ambient water and the C% of the remaining litters were significantly correlated with both bacterial and fungal community compositions (P < 0.05; Table 1 and Fig. 6 ). The C/N ratio of the leaf litters and the cellulase activity were only significantly correlated with the bacterial community compositions (P < 0.05). The concentration of TN in the ambient water, N%, P%, N/P ratio and the activity of xylanase were significantly related to the fungal community compositions during the decomposition process (P < 0.05). Additionally, from the RDA biplots, the whole time course could be divided into three stages: the original stage (0 day), the middle stage (day 5 to day 30) and the last stage (day 60 to day 90) (Fig. 6a and b) . Accordingly, the factors driving the dynamics of the microbial communities also varied among the different stages. In the original stage, the water TP significantly affected the microbial community composition. In the middle stage, the C% of the leaf litters and the C/N ratio affected bacteria, while the N/P ratio and the xylanase activity were correlated with the fungi community.
In the late stage, the cellulase activity was obviously synchronized with the bacterial community dynamics. A linear fitting model was applied to the bacterial and fungal dissimilarity with the normalized physiological characteristics of litters (Figs S6 and S7, Supporting Information) . Generally, bacteria have more closely correlated factors than fungi. The bacterial community dynamics in Np litters were linearly correlated with seven factors in the first rank, including the nutrient content, stoichiometry and lignin%. Furthermore, two factors, the C/N ratio and lignin%, were detected in both bacterial and fungal communities during the decomposition of the Np litters. In the second rank, the bacterial beta diversity of Zl was correlated with six factors, including C%, N%, C/P, N/P and hemicellulose%. Three factors, C%, N/P and hemicellulose%, were identified to correlate with both bacteria and fungi during the Zl leaf litter decomposition. In addition, both bacterial and fungal beta diversities of the Hv were correlated with the activity of xylanase, and few other factors were found to linearly correlate with microbial community dynamics in these leaf litters (Table 2) . Variation partitioning analysis indicated that the coordination of fungi with plant was greater than that of bacteria (Fig. S8, Supporting Information) . More than half of the variations cannot be explained by either plant characteristics or environmental factors. Interestingly, significantly positive or negative co-occurrence pattern was present among a few bacterial and fungal OTUs, which preliminarily indicated the species interactions between two important functional groups. For example, the common OTU993b1 affiliated with Syntrophobacter spp. obviously co-occurred with most of the common fungal OTUs, while OTU1800b1 co-occurred with most of the specific fungal OTUs. Specific bacterial OTU2301b2, 5330b2 and 5511b2 demonstrated similar frequency with the major specific fungal OTUs, which was negatively correlated with the common fungal OTUs (correlation coefficient and significance P value can be found in the Fig. S9 , Supporting Information). The multiple plots were shown in Figs S6 and S7 for bactetia and fungi, respectivly. The gray shade indicated the factor was siginificantly correlated with both bacteria and fungi from the same type of macrophyte. Signif. codes: ' * * * ' 0.001 ' * * ' 0.01 ' * ' 0.05.
DISCUSSION
Physiological and environmental factors affected the decomposition rate
The decomposition of macrophyte litters in natural habitats is a complex process, in which the decomposition rates could be affected by the interaction of various physiological and environmental factors (Chimney and Pietro 2006) . The speed of degradation was related to the amount of structural carbon, mainly consisting of cellulose, hemicellulose and lignin, which were more recalcitrant than other components in the leaf tissue and resistant to physical fragmentation (Janssen and Walker 1999) . In this experiment, the Np and Hv leaf litters lost biomass rapidly in the first 5 days and then showed negligible losses (Fig. 1) , while the Zl in mesh bags lost biomass much more slowly. A lower content of structural components was found in the Np and Hv leaf tissues, and the recalcitrant lignin in raw Np leaf was less than half of that in Zl (72.2 vs 160.5 mg/L). The decomposition rate was significantly negatively correlated with the cellulose and lignin contents during the whole process (Fig. S3) . Furthermore, when the substrate could provide sufficient C/N (∼9.6 in the Np and Hv on day 0) and C/P (∼5.9 in the Np and 10.4 in the Hv on day 0) to meet the demands for microbial stoichiometry (Chimney and Pietro 2006) , the degradation could be maintained at rapid rate. If the C/N and C/P of substrate were insufficient for bacterial and fungal demand, the decomposition process would be inhibited. During microbial digestion, the N and P contents of the litters probably increased due to the uptake from the surrounding environment by the decomposers associated with the litters (Pagioro and Thomaz 1999) , which could increase the decomposition rate. An inverse proportion of structural C% with N% and P% was also detected in this work, although this finding was not statistically significant. The presence and activity of extracellular enzymes could link environmental nutrient availability to microbial nutrient demand (Sinsabaugh et al. 2008) . In previous studies, both bacteria and fungi were limited by C% and N% in various ecosystems (Waksman and Tenney 1927; Wardle 1992) ; our data showed that bacteria were regulated not only by the C% but also by the C/N ratio in litters, while the N% did not affect the bacterial community. Cellulases and total enzyme abundances were highest at the lowest C/N ratio (Schneider et al. 2012) , whereas the activity of the cellulase was affected by the bacterial community composition. Therefore, the C/N ratio might influence bacteria indirectly. Fungi could be the representatives of the dominant microbes on the refractory and nutrient-poor organic matter as they had lower nutrient requirements and a lower metabolic activity than bacteria (Güsewell and Gessner 2009 ). Thus, the relative P requirements of fungi would be lower than that of bacteria (Smith 2002) . As a result, fungi were expected to become P limited at higher N/P ratios than bacteria and to dominate on litters with high N/P ratios (Wardle, Walker and Bardgett 2004) .
In this study, the nutrient concentrations of ambient water, especially TP, affected the decomposition rates of litters, which reveals that the biodigestion of macrophytes was not only limited by the P content of the litters but also by the water nutrient level. Phosphorous is a major factor that can influence the abundances of both major bacterial and fungal groups, with higher abundances at higher P concentrations (Schneider et al. 2012) . As an important element in DNA replication and transcription, Plimited conditions especially affected the fast-growing microbes (Elser et al. 2000 (Elser et al. , 2003 . Leaf litters with high nutrient content and a low concentration of recalcitrant compounds were decomposed faster by leaf consumers (Lecerf and Chauvet 2008) . In case of a P content that is less than optimal for building the microbial biomass, bacteria and fungi would take up exogenous inorganic P to supply the lacking nutrient in the decomposing litter (Qualls and Richardson 2000) . P enrichment has been shown to increase the net primary productivity, peat accretion and litter decomposition rate (Qualls and Richardson 2000) .
Variations of bacterial community compositions in leaf litter decomposition
Macrophyte litters consist mainly of cellulose, hemicellulose and lignin, and these recalcitrant structural polymers require numerous enzymes for degradation. Most of the cellulolytic microorganisms belong to bacteria and fungi, although some anaerobic protozoa that can degrade cellulose have also been described (Pérez et al. 2002) . Compared with fungi, bacteria possessing high growth rates have good potential for cellulase production, and the cellulase properties from bacterial genera, such as Cellulomonas, Cellovibrio, Pseudomonas, Sporocytophaga, Bacillus and Micrococcus, have been studied (Sethi et al. 2013) .
The cellulase production is tightly controlled by bacteria, and improved productivity can ameliorate these controlling effects (Sethi et al. 2013) . The higher abundances and activity of cellulase could stimulate faster litter decomposition (Schneider et al. 2012) , which then in turn affects the bacterial community composition. For example, Pseudomonas was the predominant genus of cellulolytic bacteria in the initial samples, indicating its importance as decomposers of the cellulose litter, at least in the initial stages (Tanaka 1993) . As the predominant taxon of Pseudomonadales, the genus Pseudomonas is composed of Gram-negative, strictly aerobic, polar-flagellated rods that live as saprophytes and parasites on plant surfaces and inside plant tissues (Preston 2004) . The members in this genus can cause disease symptoms ranging from rot and necrosis to developmental dystrophies, such as galls, and sometimes promote plant growth by suppressing pathogenic microorganisms in living plants (Preston 2004) . Burkholderiales, which was the second most represented proteobacterial order following Enterobacteriales, can degrade a vast array of aromatic compounds. Aromatic compounds are widespread in nature and can be found as lignin and constituents of plant exudates (Pérez-Pantoja et al. 2012) . Rhodocyclales are versatile bacteria that can utilize a wide variety of organic compounds for growth (Kittichotirat et al. 2011) .
The relative abundance of Firmicutes was lower in the initial and the final samples, and the maximum abundance was observed in the 10-day samples. Pascault et al. (2013) observed the stimulation of Firmicutes in the active microbial fraction following the addition of fresh organic matter because Firmicutes species were described as fast-growing copiotrophs that were stimulated in C-rich environments (Pascault et al. 2013) . This phenomenon was consistent with our results, in which the relative abundance of Firmicutes increased after macrophyte litters started decomposing and decreased with the obviously dwindling C% (P = 0.029). Negativicutes is an important class in this phylum and consisted of the single-order Selenomonadales and two families Veillonellaceae and Acidaminococcaceae. Most members of Negativicutes are obligate anaerobes (Campbell, Adeolu and Gupta 2010) . Additionally, Bacilli Bacillales accounted for a large proportion in Firmicutes as bacteria in this group could produce extracellular cellulase, and the crude cellulases from Bacillus sp. were thermally stable (Akhtar et al. 2013) .
Bacteroidetes was the third most predominant phylum in the bacteria communities, the abundance of which suddenly decreased at 10 days (except the Np samples) and then increased in the later samples, whereas the relative abundance of Bacteroidetes was the highest in the Np samples (Fig. 4a) . In aquatic ecosystems, this group has been implicated in the decomposition of lignocellulosic litter due to their ability to breakdown complex biopolymers (Lydell et al. 2004) . As Bacteroidetes species are strongly dependent on the load of organic matter or phytoplankton blooms, they did not exhibit any perceivable seasonal or lake-specific occurrence patterns (Eiler and Bertilsson 2007) .
Variations of fungal community compositions in decomposition
Fungi probably assume multiple key roles in the decomposition of macrophyte litters in aquatic ecosystems because they are likely to make a significant contribution to the enzymatic activities of decomposing litters in water (Gessner et al. 2007) . Xylanase, which is the main hemicellulose decomposer, is produced by fungi, bacteria, algae, protozoans and other organisms (Polizeli et al. 2005) , and in this study, the dominance of xylanases indicated a decomposition phase in which hemicellulose was the major C-source. Furthermore, the variation of activity of xylanase had a linear relationship with the fungal beta diversity in Hv samples, which had the maximum xylanase activity. Thus, xylanase activity affects the fungal community composition reflected in the samples whose xylanase activity varies over different times.
Some findings indicated that extracellular enzyme production might be regarded as the 'bottleneck' of C-degradation from the litter (Kuzyakov, Blagodatskaya and Blagodatsky 2009; Schneider et al. 2012) , which significantly affected the microbial community composition. Basidiomycota species are among the most potent degraders because many species grow on dead wood or litter, which are rich in cellulose in the environment, and utilize a set of hydrolytic enzymes for the decomposition of cellulose (Baldrian and Valášková 2008) . With the degradation of macrophyte litter, the mass of the litter decreased and the relative abundance of Basidiomycota (especially Tremellomycetes) decreased. This result was consistent with those obtained by Winder et al. (2013) , who found that with the addition of litter, the proportions of Basidiomycota and Tremellomycetes also increased. As shown in Fig. 5 , the most abundant OTUs in Basidiomycota and Ascomycota were mainly specific to the Zl samples, and fungi with bleaching activities in the two phyla cause lignin decomposition in leaf litters, which is similar to the white rot of wood (Osono 2011) . Lignin peroxidase was isolated from several white-rot fungi. The catalytic, oxidative cycle of lignin peroxidase has been well established. Thus far, this enzyme is the most effective peroxidase and can oxidize phenolic and non-phenolic compounds, amines, aromatic ethers and polycyclic aromatics with appropriate ionization potential (Pérez et al. 2002) . The litter of Zl had the highest lignin content; thus, the abundance of Basidiomycota and Ascomycota OTUs in this litter was not surprising.
Chytridiomycota (chytrids) is a major group of true fungi in the pelagic zones of lakes and is characterized by a motile zoosporic stage (James et al. 2006) . In lakes, Chytridiomycota often dwell within host organisms, including plants and animals, and many macrophytes and phytoplankton species are susceptible to parasitism by Chytridiomycota. The most abundant OTUs in this phylum were found in the Np sample, which had the lowest lignocellulose% and was easily degraded. Thus, more organic matter could convert into fine particulate organic matter (POM) at the beginning of the decomposition. Chytridiomycota could efficiently digest complex molecules, and part of the POM might be solubilized by saprophytic Chytridiomycota and become dissolved organic matter and dissolved inorganic matter (Gleason et al. 2008) . Fungi may even facilitate aquatic animal production by transporting materials from large inedible algae to zooplankton (Kagami et al. 2007 ). Thus, saprophytic Chytridiomycota transfer energy and nutrients from their hosts to higher trophic levels of the food chain by being grazed upon by zooplankton (Kagami et al. 2007) .
The most important phylum in the litters was Cryptomycota, which accounted for nearly half (47.98%) of all sequences. Its relative abundance increased in the samples with high rates of degradation. Cryptomycota is a recently discovered phylum of early-diverging fungi that represent a poorly studied group of eukaryotic microorganisms, but they are commonly found as parasites in aquatic and soil ecosystems (Gleason et al. 2012; Lazarus and James 2015) . In this phylum, LKM11 forms a monophyletic and strongly supported group derived from the parasitic genus Rozella. At present, Rozella is the only genus in the Cryptomycota (Lara, Moreira and López-García 2010; Jones et al. 2011) . Interestingly, Chytridiomycota, which is a parasite of plants as noted above, is the most significant host of Cryptomycota (Gleason et al. 2012) . The pairs of hosts and parasites are very important in the population dynamics of a producer-based food chain. Thus, very few Cryptomycota were observed in the initial samples, which had the lowest relative abundance of Chytridiomycota (except Np). Rozella species are significant parasites (secondary consumers) that regulate the size of the populations of some species of true parasitic zoosporic fungi (primary consumers, such as Chytridiomycota) in lakes and are the primary consumers for corresponding phytoplankton parasites (hosts such as Euglenophyta, Chlorophyta, Bacillariophyta, Phaeophyta and Cyanobacteria) (Held 1981; Gleason et al. 2012) . These hosts are frequently observed growing on broken down leaves in freshwater ecosystems (Marano et al. 2011) . Thus, as parasites, some species of Rozella (secondary consumers) are likely to regulate the population sizes of their hosts (primary consumers) and therefore decrease the rates of decomposition of detritus and indirectly release carbon from the carbon sink (Gleason et al. 2012) . However, quantitative data on these dynamics are not yet available.
CONCLUSIONS
In this study, we explored the microorganisms that participate in leaf litter decomposition. The results demonstrated that the rate of biomass loss was fastest in the Np litter and lowest in the Zl litter, which corresponds with the characteristics of the litters. The Zl characteristic of high C%, high cellulose and high C/N was recalcitrant for microbial digestion. A detailed picture was formed of the microbial community compositions during the breakdown of the macrophyte litters. The major involving bacterial groups were the phyla Proteobacteria, Firmicutes and Bacteroidetes, and the dominant fungal phyla were Cryptomycota, Chytridiomycota and Basidiomycota. Multivariate statistical analysis suggested that the variations of both bacterial and fungal community compositions were tightly connected to the trophic status of the water and the stoichiometry of the macrophyte litters, while the dominant factors varied according to the different decomposition stages. Some bacteria and fungi significantly co-occurred with one another. The behind species-specific interactions and their synergistic action in the litters transformation need to be further verified experimentally.
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